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Abstract The popular picture of the greenhouse effect
emphasises the radiation transfer but fails to explain the
observed climate change. An old conceptual model for the
greenhouse effect is revisited and presented as a useful
resource in climate change communication. It is validated
against state-of-the-art data, and nontraditional diagnostics
show a physically consistent picture. The earth’s climate is
constrained by well-known and elementary physical princi-
ples, such as energy balance, flow, and conservation. Green-
house gases affect the atmospheric optical depth for infrared
radiation, and increased opacity implies higher altitude from
which earth’s equivalent bulk heat loss takes place. Such an
increase is seen in the reanalyses, and the outgoing long-
wave radiation has become more diffuse over time, consis-
tent with an increased influence of greenhouse gases on the
vertical energy flow from the surface to the top of the atmo-
sphere. The reanalyses further imply increases in the over-
turning in the troposphere, consistent with a constant and
continuous vertical energy flow. The increased overturning
can explain a slowdown in the global warming, and the
association between these aspects can be interpreted as an
entanglement between the greenhouse effect and the hydro-
logical cycle, where reduced energy transfer associated
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with increased opacity is compensated by tropospheric over-
turning activity.
1 Motivation
It is usually an advantage knowing why your explanation
makes sense when you try to make an impressions on oth-
ers. The same can be said for explaining climate change
to the general public and informing them about how the
greenhouse effect (GHE) is altered by the burning of fos-
sil fuels. Despite a strong consensus on climate change
within the climate research community (Anderegg et al.
2010; Oreskes 2004; Cook et al. 2013), the efforts to explain
climate change to the society so far can be summed up as
having had limited success (Doran and Zimmerman 2011;
Theissen 2011; Leviston et al. 2012; Lewandowsky et al.
2013; Rahmstorf 2012; Boykoff 2008; McCuin et al. 2014),
and the greenhouse gas (GHG) concentrations have contin-
ued to rise (IPCC synthesis report A 2014). It is possible
that the message from scientific organisations such as the
Intergovernmental panel on Climate Change (IPCC) has
been too cryptic to the layman (Benestad 2014b). On the
other hand, it is unlikely that an increased appreciation for
the scientific facts will prompt a change in habits (Hernes
2012). An improved understanding of the relevant science
will nevertheless be helpful in the outreach efforts made by
institutions such as national meteorological services. One
of the greatest challenges has been that climate change and
the GHE are complicated topics, and there has been a lack
of convincing simplified description that people can con-
ceptualise. The part of the society who has been educated
in atmospheric sciences will probably already understand
many features of the GHE; however, they too may bene-
fit from a new angle in terms of explaining the concepts to
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others. The popular ’blanket model’ is too unrealistic for the
more scientific literate part of the population, hence, there is
perhaps a need to provide a picture of how different climatic
aspects depend on relevant boundary conditions that is con-
vincing in terms of physics. If the science educated part of
the society understands the reasons for climate change, then
they may make a stronger impression on the general society.
This could perhaps be achieved with a more pedagogic and
more comprehensible description of anthropogenic global
warming (AGW).
The essential principles of the GHE have long been
understood (Weart 2003) in terms of simple reduction-
ist models (Fleagle and Businger 1980; Houghton 1991;
Peixoto and Oort 1992; Hartmann 1994; Lacis et al. 2010;
Pierrehumbert 2011), however, these models usually don’t
provide a comprehensive description of the complexity
associated with a global warming. Often they give a picture
of the radiative energy transfer only (Fleagle and Businger
1980; Houghton 1991; Peixoto and Oort 1992; Hartmann
1994) demonstrating the essential principles behind the
GHE, but they don’t tell the complete story. For instance,
Sloan and Wolfendale (2013) demonstrated how an elegant
physics-based derivation leads to a simple equation describ-
ing the radiative fluxes involved in the GHE, explaining why
the radiative forcing is proportional to ln(ρ), where ρ is the
density of GHGs in parts per volume. However, the solution
for the radiation transfer alone is unrealistically sensitive to
the GHG concentration, due to the omission of convective,
sensible, and latent heat transfer. The reductionist radia-
tive model explained the principle behind GHE, but failed
to account for all relevant processes. A similar finding had
already been derived by Manabe and Mo¨ller (1961).
Scholars within the science community may also have
somewhat different ideas about what is involved in the
GHE. Here, the GHE will, for all intents and purposes,
be defined as the set of conditions that are responsible for
discrepancy between the observed global mean surface tem-
perature of a planet and that predicted based on the energy
flux received from the sun, rather than being restricted to
a mere radiative balance. The term ’model’ too can have
many different interpretations, and here it refers to a syn-
thesis of a set of pieces of relevant knowledge that describe
the essence of a phenomenon or a condition under inves-
tigation. All models are ’flawed’ since they represent an
idealistic description (neglecting aspects and details that are
not of interest), however, they can still give valuable insights
and useful predictions. A model may be as simple as an
equation describing the incoming and outgoing energy flow,
where the theoretical calculations are based on the conser-
vation of energy. Such a model is presented here, based on
the fact that the solar radiation absorbed by the planet must
be balanced by the outgoing thermal radiation. These basic
principles were first described by Joseph Fourier in 1824.
Present global climate models (GCMs) supersede the old
simple conceptual models on the greenhouse effect, some of
which include radiative-convection and heat balance models
discussed over the period 1890–1980 (Arrhenius 1896; Hul-
burt 1931; Charney et al. 1979; Schneider and Dickinson
1974; North 1975; Wang WC and Stone P 1980). The state-
of-the-art GCMs, however, are almost as complex as nature
itself, making it hard to picture the connections between
the most essential processes. Revisiting an old ’back-of-
the-envelope’, proposed by Hulburt (1931), can provide us
with an overview and an appreciation for how increased
CO2-concentrations affect our atmosphere. The objective
is to take a step back and re-examine our understanding
of the GHE in light of new information in a similar spirit
to Schneider and Dickinson, who provided some didactic
value in addition to explaining the essence of the greenhouse
effect (Schneider and Dickinson 1974).
The didactic aspect is relevant, as there is still a num-
ber of scientists who don’t acknowledge the link between
increased levels of greenhouse gas concentrations (GHGs)
and climate change (Abraham et al. 2014; Anderegg
et al. 2010) and dismiss the scientific literature support-
ing the notion of an AGW (Oreskes 2004; Solomon et al.
2007). There is a surprisingly high number of physicists
among this group (Oreskes and Conway 2008), which sug-
gests that old knowledge has been forgotten (Proctor and
Schiebinger 2008). For instance, one paper published in
International Journal of Modern Physics B (Gerlich and
Tscheuschner 2009) claimed to falsify the greenhouse effect
in its entirety (its claims, however, have subsequently been
refuted (Halpern et al. 2010; Smith 2008)).
The objective here is to present Hulburt’s 1931 model
as a pedagogic description of the GHE, and test whether
it is consistent with modern state-of-the-art data which
were not available in 1931. The modern data include recent
years as well as satellite-based measurements of outgo-
ing long-wave radiation (OLR) and reanalyses. One major
simplification involves treating all the infrared radiation
(IR) as if it consisted of one wave length, although the
real situation is of course much more complicated with a
wave spectrum, selective absorption bands, and radiation
with different frequencies and optical depths (Pierrehumbert
2011).
1.1 A simplified physical picture
The starting point for the conceptual model is the energy
flow through the solar system, being generated inside the
sun, intercepted by the planets, and flowing through the
planetary system before escaping back to space (Trenberth
and Stepaniak 2004). When the energy enters and leaves the
terrestrial system, it must be in the form of electromagnetic
radiation, since space is a vacuum and does not provide a
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medium for other types of energy transfer (Pierrehumbert
2011).
The radiative energy emitted from an object can be
described by Planck’s law, relating electromagnetic energy
loss to a so-called ’emission temperature’ (Te). The terres-
trial energy loss is often referred to as the OLR, and the total
energy loss may be approximated by a bulk flux (Hulburt
1931), although spectral lines due to atomic and molecular
line absorption and quantum mechanics play an important
role (Fleagle and Businger 1980; Houghton 1991; Pierre-
humbert 2011). Here, ’bulk’ is used in the meaning of being
averaged over all altitudes and wavelengths. The rate of heat
loss (4a2πσT 4e ) must equal the rate of energy received from
the sun (πa2S0(1 − A)) for a planet (here a is its radius) to
be in energetic equilibrium (Hulburt 1931). The planetary
energy balance can then be described approximately by the
simple equation
S0(1 − A)/4 = σT 4e , (1)
where σ = 5.67×10−8W/(m2K4) is the Stefan-Boltzmann
constant, A ∼ 0.3 is the albedo, and S0 = 1361Wm−2 is
the ’solar constant’ (Schneider and Dickinson 1974; Wang
WC and Stone P 1980; Kopp and Lean 2011). The left
hand side of this equation represents the energy input while
the right hand side describes the bulk heat loss. Predicted
temperatures according to Eq. 1 can be compared with
actual observed surface temperatures in our solar system to
demonstrate predictive skill (see Fig. S3 in the supporting
material, hereafter referred to as Supplementary Material).
Furthermore, the value of Te derived from measured terres-
trial OLR is typically in the range 251–254 K (Fig. S4 in
the Supplementary Material), providing a crude means for
validating Eq. 1.
Equation 1 implies a value of Te = 254 K for the ter-
restrial emission temperature, whereas the observed global
mean surface temperature is T ≈ 288 K. The bulk of the
heat loss to space cannot take place at the ground level
where T = 288 K because this would violate the energy
balance (1). However, it has long been established that the
bulk planetary heat loss is determined by atmospheric tem-
peratures far above the surface (Hulburt 1931; North 1975).
The temperature drops with height due to convective adjust-
ment (standard atmosphere vertical temperature profile with
decreasing temperature with height) and the radiative heat-
ing profile (Fleagle and Businger 1980; Houghton 1991;
Peixoto and Oort 1992; Hartmann 1994), and equals the
emission temperature of 254 K at around 6.5 km above the
ground (Fig. S10 in the Supplementary Material). This alti-
tude is where earth’s bulk heat loss (i.e., the average based
on all wave lengths and all altitudes) must take place accord-
ing to Eq. 1. This is also independently corroborated by Te
derived from measured OLR (see Fig. S4, Supplementary
Material).
The basic principle of the GHE in general terms is that
the air is opaque to light in the long-wave range (IR) but
transparent to short-wave radiation (visible light). Most
of the energy from the sun that is not reflected away is
absorbed at the planet’s surface, as a cloud-less atmosphere
is transparent to visible light while clouds tend to reflect it
(accounted for through the albedo A). On average, the net
short-wave energy flux (visible light) on earth is roughly
240 W/m2, which must balance an equal upward energy
flow for a planet in equilibrium. The degree of transparency
of a medium is described by Beer’s law, which relates the
optical depth to the density of the absorbing medium and
its absorbing capacity (Fleagle and Businger 1980; Peixoto
and Oort 1992). Several atmospheric gases (e.g., H2O, CO2
in addition to clouds) are opaque in dominant frequency
ranges predicted by Planck’s law for T ≈ 288K . Indeed,
the atmospheric CO2-concentrations are specified from IR
gas analyzer measuring the amount of IR light absorbed in
air samples (Keeling et al. 1976).
In the atmosphere, IR light can be absorbed and re-
emitted multiple times before its energy reaches the emis-
sion level where it is free to escape to space (Pierrehumbert
2011). The process of repeated absorption and re-emission
will result in a more diffuse structure for the OLR at the
top of the atmosphere. Hence, for an observer viewing the
earth from above (e.g., a satellite instrument measuring the
OLR), the bulk IR light source is expected to be both more
diffuse and located at increasing heights with greater con-
centrations of GHGs, as the depth to which the observer
can see into the atmosphere gets shallower for more opaque
air. This altitude is henceforth referred to as the ’equivalent
bulk emission level’ and is the 254 K isotherm ZT 254K . It
represents the mean height for both cloudy and cloud-free
regions.
Higher concentrations of greenhouse gases divert more
IR radiation downwards toward the ground (Trenberth
2011), as a deeper optical depth, due to increased absorp-
tion, is expected to restrict the radiative energy transfer,
everything else being constant. Moreover, a change in the
opacity will alter the radiative energy flow from the sur-
face to the emission-level, which needs to be compensated
by other forms of energy flow if the planet is to remain in
energy balance according to Eq. 1 and if the total energy
transfer is to be a continuous flow. In other words, the
reduced radiative energy flux must be compensated through
increased temperatures or altered latent/sensible heat fluxes.
The radiative equilibrium temperature gradient (Man-
abe and Strickler 1964) is also unstable in the troposphere
(the temperature decreases with altitude), and convection
sets in and takes over a significant amount of the vertical
energy flow. Whereas the added opacity will act to restrict
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the flow of radiative energy transport, convection will not
allow the temperature gradient to increase. In other words, a
bigger share of the 240 W/m2 of the vertical energy trans-
port will be transported by convective/advective means with
a stronger GHE, and a smaller share by radiative means
because the sum of convective vertical energy transport plus
the diminished radiative flux must add up to about 240
W/m2 in order to balance the incoming shortwave radiation.
The above is an oversimplified picture, of course. Solar
energy is absorbed throughout the atmosphere (e.g., sus-
pended particles), not only at the ground. Non-radiative
energy transports require a capable 3D general circulation
model to render properly, and radiative transfer modeling
must resolve the spectral dependence of all of the atmo-
spheric radiative constituents. The basic concepts outlined
above, however, should still be applicable in theory. These
concept include a trend in the altitude of the emission level
consistent with the global warming, a stronger interference
between upwelling IR from the ground and absorbing matter
and increased vertical overturning. This paper will examine
the actual numbers and test the veracity of this conceptual
description.
2 Methods and data
The conceptual picture of the GHE can be examined in
terms of estimates of ZT 254K , the ’fuzziness’ of the OLR,
and a quantification of the vertical energy flow associated
with other forms than radiative fluxes. These quantities are
examined in the context of the constraints provided by the
simple physics represented in Eq. 1 and the documented
presence of a historic increase in the GHGs concentrations
(Stocker et al. 2013).
The height of ZT 254K was estimated from the European
Centre for Medium-range Weather Forecasts (ECMWF)
interim reanalysis (ERAINT) (Simmons et al. 2007) (37
model levels between 1000 and 1 hPa which corresponds to
∼0 m and∼63000 m above sea level). Monthly mean values
for T were estimated from instantaneous values, sampled at
four times a day over the interval with available data January
1979–September 2012 at the full 0.75◦ × 0.75◦ horizontal
resolution.
Convection is characterized by a circulation pattern of
rising and sinking air masses, and the atmospheric vertical
volume transport takes place through cells of updraft and
subsidence; however, these may not be coherent or stable in
time and space. It was therefore important to find a measure
that does not assume patterns that are stable in time (see
Supplementary Material). Sensible and latent heat transfer
are related to the vertical motion, but not completely deter-
mined by the flow, as the atmospheric vapor content and
temperature gradients also are important factors. However,
water vapor content is poorly constrained, due to uncertain-
ties associated with clouds and precipitation. The vertical
velocity (w), on the other hand, is related to horizontal
air flow through divergence, convergence, and variation in
well-described quantities such the geopotential heights and
barometric pressure. The monthly mean vertical velocity w
from ERAINT was used to provide a measure for the global
atmospheric overturning by estimating the variance in w
over space for each time step separately (see Supplementary
Material).
In addition to the ERAINT reanalysis, the NCEP/NCAR
(Kalnay et al. 1996) and ERA40 (Simmons and Gibson
2000) reanalyses were also used as these covered longer
time intervals. OLR measured from space (Liebmann 1996)
was used to test equation 1, derive Te, and examine trends in
diffuse IR emission at the top of the atmosphere. A spatial
correlation was used as a measure of the degree of diffuse
IR emission because it is insensitive to trends in the absolute
values, and hence calibration issues and inhomogeneities in
the OLR and ERA40 that affect all regions equally. The
instrument used to measure the OLR on board the satellite
missions is known as the Advanced Very High Resolution
Radiometer (AVHRR), a radiometer which measures radia-
tion in four to six channels. While there is a little overlap
between these channels and the absorption band for CO2,
they do overlap somewhat with other greenhouse gases. The
conceptual model presented here, however, does not solely
involve CO2, but the net effect of all GHGs, convection,
and clouds combined. The estimate of the broad-band spec-
trum should be independent to that of the line spectra, as
the former is a product of Planck emission while the latter
is due to absorption of discrete energy quanta due to quan-
tum physics. The OLR measured by the satellites provides
mainly an estimate of the broad-band at the top of the atmo-
sphere, however, the estimate is likely contaminated by the
line spectra of some of the GHGs in addition to clouds.
The thermal emission seen by the satellites is expected to
be influenced by both energy flow associated with convec-
tion warming the upper levels of the atmosphere as well as
that of radiation in various bands. See the supporting mate-
rial (Supplementary Material) for more details and listings
of scripts used for the analysis; it provides both the recipe of
the analysis as well as additional figures, and hence, a com-
plete transparency of this analysis through computer code
for replication of the results and further experimenting.
3 Results
3.1 The altitude of the emission level
The 254 K isotherm ZT 254K represents the equivalent alti-
tude where earth’s bulk heat emission (averaged over all
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altitudes and wavelengths) takes place, and has been an
upward trend of 23 m/decade. This trend is consistent with
a deepening of the optical depth, as well as a global mean
surface warming of 0.12 K/decade over the period 1979–
2011. It is not widely different to published warming rates
of 0.14 to 0.18 K/decade (Foster and Rahmstorf 2011).
Figure 1 shows two different estimates of ZT 254K based on
the ERAINT and the NCEP/NCAR reanalysis (black and
grey curves, respectively). There is a good general agree-
ment between the two, albeit with some differences in the
details. This means that an observer in space would see
IR radiation emanating from shallower atmospheric depths
according to Eq. 1 as the GHGs have increased over time
(Solomon et al. 2007).
3.2 Interference between upwelling IR and absorbents
Figure 2 shows the time evolution of the spatial correlation
between the OLR and the T (2m)4 (units in degree Kelvin)
from the ERA40 reanalysis. The correlation estimates are in
general high due to the warm tropics and cool polar regions
since the heat loss in general is highest at lower latitudes.
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Fig. 1 The 12-month moving mean of the mean global total col-
umn water vapor (qtot; blue), and the bulk emission level altitude
(ZT 254K ; black) from ERAINT. The mean ZT 254K was estimated to
be 7219 ± 2m, and the trend in the altitude of the bulk emission level,
(23 ± 2)m/decade, supports the notion of increased optical depth
and hence and enhanced GHE. The trend in Qtot was (−0.018 ±
0.017)kg/(m2decade) (mean=29kg/m2). The curves are plotted here
with arbitrary scales along the y-axis. The grey vertical bands mark
January 1st of known El Nin˜o years










































































































































Fig. 2 The spatial correlation between the OLR and T (2m)4 (in
degree Kelvin) estimated for each month over the period 1975–2002.
The grey curve is unfiltered results and the thick black shows a 12-
month moving average. The long-term reduction is consistent with a
more blurred OLR pattern compared to the surface temperature. The
different satellite missions are shown in different colors for the low-
pass filtered curve. The faint pink region marks new interpolation
scheme
There are also large short-term variations, which are likely
to be affected by annual changes in the cloud-cover. Such
natural variations are omnipresent on earth, and we do not
expect to see a clean straight trend. Nevertheless, the esti-
mates over the interval 1975–2002 suggest a decreasing
trend which is consistent with the spatial structure of the
OLR becoming more diffuse due to greater opacity, either
due to increased GHE or changed cloudiness. High cloud
tops, however, are consistent with high ZT 254K , whereas the
OLR from low cloud tops are more similar to the upwelling
IR from the surface. The clouds are not just a visible aspect
of the vertical energy flow, however, they are also a part of
the hydrological cycle.
3.3 Vertical overturning
Figure 3 shows the overturning activities quantified in terms
of the index ηz(t) (see the figure caption and the Supple-
mentary Material) for three different vertical sections of
the troposphere. This overturning index was estimated by
taking the global mean of the variance of the area-scaled
vertical velocity at a given altitude, and then take the sum
over different vertical levels (see Supplementary Material).
The variability above ∼1000 m above sea level (a.s.l) has,
according to ERAINT, increased since 1995, with most pro-
nounced increase in the middle troposphere (∼1–6.5 km
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Fig. 3 The 12-month moving mean of the spatial variance of
the vertical volume transport (variance of w over space: ηz(t) =
vari(aiwi(z, t)) where i is an index over space, ai is the area of
gridbox i, and wi(z, t) corresponding vertical velocity at time t and
altitude z) from ERAINT. The trend in the atmospheric overturning,
(1100 ± 90) kg s−1/decade, in the atmospheric middle levels (black;
1000–6500 m) supports the notion of increased optical depth and hence
and enhanced GHE. The top pale blue curve shows the upper level
(z > 6500 m) and the lower dark blue the surface level (z < 1000 m).
The curves are plotted here with arbitrary scales along the y-axis
a.s.l.; black). The upward trend in the middle atmosphere
is consistent with the notion that increased convection com-
pensates for reduced radiative transfer between the ground
and ZT 254K . There is no simple linear trend due to a pres-
ence of natural variations, but this interpretation is based
on the mean change over the entire record. The upper layer
above ∼6.5 km a.s.l. also exhibits a smaller trend, but this
layer may have been affected by the convective activity
below.
The blue curve in Fig. 1 shows the vertical integral of
total column water vapor (qtot), exhibiting an insignificant
trend. Hence, the increased overturning supports the notion
of an enhanced vertical latent heat transport. The excursions
in both qtot and ZT 254K in 1988, 1991–1992, 1997–1998,
and 2009-2010 may be associated with the El Nin˜o Southern
Oscillation (ENSO) (Philander 1989) and demonstrate how
the optical depth is affected by changes in the atmospheric
moisture or the clouds.
Peaks associated with ENSO, seen in the ZT 254K , how-
ever, are less visible in the correlation between the OLR
and surface temperature, although there may be weak hints
of low correlation around some of the El Nin˜o years. One
explanation for a weak ENSO signature in the correlation
may be that the OLR is expected to be sensitive to the cloud
cover, which may dominate on the short time scales and that
ENSO involves longitudinal shifts rather than latitudinal
changes (See the Supplementary Material).
The global variations in ηz(t) in the lower 1000m have an
inter-annual time scale, but exhibit no clear association with
ENSO. This layer embeds most of the planetary boundary
layer (PBL), which is affected by the surface friction and
turbulent mixing, whereas the air above represents the free
atmosphere (Schneider and Dickinson 1974). In the lower
PBL, the main energy transport takes place through small-
scale turbulence with short time scales which may not be
well represented by monthly mean values from the atmo-
spheric model used for the reanalysis. Furthermore, the PBL
w may not have been assimilated well, due to scarce obser-
vations for that level and the incomplete understanding of
this lowest layer of air.
4 Discussion
The results here suggest that a simple conceptual physics
model provides an approximate description of the GHE, by
treating all the IR light as one bulk heat loss at the top of
the atmosphere where it leaves the planet. It is based on an
energy balance, as in Eq. 1, and defines the bulk emission
altitude as the region where the temperature equals the emis-
sion temperature T = Te (Houghton 1991). This conceptual
model does by no means replace more sophisticated line-
absorption or general circulation models, however, the pur-
pose of this conceptual model is to picture the bare essential
aspect of the GHE. A similar treatment of the bulk emission
and its vertical level is also the basis for the discussion on
the ’saturation effect’ in the report ’The Copenhagen Diag-
nosis’ (2009)(Allison et al. 2009). Indeed, this conceptual
model explains why ’saturation’ is not an issue for the GHE,
neither on earth nor on Venus. The reason is that an increase
in ZT 254K will lead to a warming at the surface as long
as the lapse-rate γ is approximately constant. The explana-
tion for why ZT 254K changes as a response to increasing IR
opacity of the atmosphere is that emissions from a constant
height will to a greater degree become re-absorbed when
the air becomes increasingly opaque at or above this level.
It will therefore no longer represent the depth from which
the planetary heat loss takes place. A more conventional, but
nevertheless physical consistent, view is that the increased
ZT 254K is a consequence of increased surface tempera-
ture and a mean lapse rate determined by the atmospheric
composition (Santer et al. 2003).
The trend analysis for the 254 K isotherm ZT 254K can
also be considered as an extension of work by Santer
et al. (2003), who reported a robust, zero-order increase
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in tropopause height over 1979–1997 in two earlier ver-
sions of reanalyses, which they interpreted as an integrated
response to anthropogenic forced warming of the tropo-
sphere and cooling of the stratosphere. Here, this aspect is
put into a simple physics context of energy flow and Eq. 1,
where the metric ZT 254K is interpreted as an equivalent
mean level for the bulk emission. This type of representa-
tion is a simplification on par with ’model physics’ such as
parametrisation of clouds in the GCMs themselves. Models
will always be ’flawed’ in some sense. Even if one were to
include cloud resolving models to describe clouds in GCMs,
they too would not represent the cloud micro-physics in
detail (Rogers and Yau 1989). Furthermore, models of cloud
micro-physics do not fully incorporate the quantum effects
and the individual atoms. Moreover, simple models are
strictly not correct but may nevertheless be useful; Budyko
(1974) observed that ‘some aspects of climate genesis might
be elucidated by means of the simplest models’ (Schnei-
der and Dickinson 1974). An analogy to ZT 254K is the use
of ’virtual images’ in optics to compute focal points, and
likewise, the emission level diagnostic is not actually an
emission level, but is just the height of the temperature that
corresponds to the bulk emission level on the right hand side
of Eq. 1.
One objection to the interpretations presented here may
be that it is difficult to see how OLR measurements are suf-
ficiently accurate to detect the expected 1W/m2 change in
OLR due to CO2, or that the OLR measurements, which
are determined from the AVHRR IR window and crudely
converted to an equivalent broadband values, have little sen-
sitivity to most of the spectral absorption associated with
CO2. However, this conceptual model does not claim to
pick up the net effect of CO2, but describes the aggregated
effect of all GHGs as well as all feedback mechanisms such
as clouds. Part of the changes in the spatial correlations is
expected to be due to convection and clouds, which too play
a role for the GHG, in addition to influencing the planetary
albedo. Hence, the spatial correlation between the OLR and
surface temperature provides an indication of the degree of
influence of GHGs on all heat flow from the surface to the
top of the atmosphere. Clouds play a role, are a part of the
GHE, and are expected to influence ZT 254K . In sum, both
the OLR measured by satellite and the energy balance of
the planets in our solar system indicate that Planck’s law
and a bulk emission temperatures provide an approximate
description of the planet’s temperature (see Supplementary
Material).
The objective here was to provide a simple picture of
an enhanced GHE and an ’educational toy model’ (Schnei-
der and Dickinson 1974) that is consistent with the most
up-to-date analysis of the atmosphere. The analysis demon-
strates that the numbers support the theory, even though the
observations and the reanalyses also have their limitations.
The reanalyses and the OLR provide the to-date best pic-
ture that we have of the atmosphere and are an improvement
over previous studies (Santer et al. 2003), but there are
some caveats as the introduction of new instruments, such as
satellite instruments, will result in inhomogeneities (http://
climatedataguide.ucar.edu/) (Hines et al. 2000; Bengtsson
et al. 2004). Other issues may concern calibration prob-
lems with the OLR, changes in spectral channels, or orbit
drifts. However, the analysis was designed to minimize such
errors, as the spatial correlation estimates are not sensitive
to the absolute value but the changes in the spatial structure.
Another issue may be that the representation of the
energy balance may be incomplete merely from the spatial
variance of analyzed vertical velocity, as unresolved convec-
tive transport (cumulus convection) may be due to updrafts
not resolved by reanalysis. While this is true, the atmo-
spheric model used to generate the reanalysis must by-pass
this shortcoming by letting other resolved processes pro-
vide a means for the unresolved flux of energy, mass, and
momentum. Most convective transport must be accounted
for by regions of subsidence in the reanalysis in order to be
physically consistent.
The OLR-T(2m) correlation is quite steady between 1985
and 1997, and the tropospheric overturning does not have a
positive trend between 1980 and 1990. These features may
be due to the presence of natural variations, such as ENSO
and changes in clouds, but may also be due to a shift in
the balance between surface warming and convective fluxes
according to the first law of thermodynamics: cdTs/dt =
S0(1− A)/4− (σT 4s + Fc − FDLW), where Fc is an energy
flux in terms of convective processes and FDLW the down-
ward radiative flux from the atmosphere. The global mean
temperature was subject to a pronounced increase between
1980 and 1998.
One interesting science question is whether a response
to changes in the GHG concentration mainly will involve a
global mean temperature change dTs/dt , or if the response
leads to changes in the hydrological cycle turn-around rate
ηz(t). This question has some relevance to the recent conun-
drum regarding the so-called ’hiatus’ (Kosaka and Xie
2013). It is interesting to note the clear upward change in
the mid-level tropospheric overturning during this period.
The more conventional pure reductionist radiative model
approach (Sloan and Wolfendale 2013; Manabe and Mo¨ller
1961) is unable to explain a lack of warming in the presence
of increased GHGs unless additional factors are included
such as natural variations (Easterling and Wehner 2009).
Natural variations, however, may be explained in the pro-
posed conceptual radiative-convection model as changes in
the partitioning between radiative and convective energy
flows FDLW and Fc. Furthermore, ZT 254K does not show
any slow-down over the recent years despite the ’hiatus’
(Fig. 1), but is more consistent with the steady increase in
R. E. Benestad
the global mean sea level (IPCC synthesis report A 2014).
There are also indications that the ’hiatus’ is related to
increased warming in the deep oceans (Balmaseda et al.
2013) and that the estimate of the global mean has been
underestimated due under-reporting of the recent warming
in the Arctic (Cowtan and Way 2014).
The consideration of the vertical energy flow, where
latent heat transfer and convective processes compensate
for reduced IR energy transfer, entangles the GHE with the
hydrological cycle. Radiation-transfer considerations alone
do not provide a complete picture of the real situation con-
nected to the AGW, as convection and latent heat both set
the atmosphere’s vertical temperature profile and involve
evaporation, condensation, and precipitation. From these
principles, an increased GHE is expected to change rain-
fall patterns (Benestad 2013). Furthermore, this framework
embeds more sophisticated explanations than traditional
purely radiative models and incorporates effects from feed-
back processes through dT /dz, response in ZT 254K , and the
albedo A. The albedo was assumed to be a constant here
for simplicity, but it could potentially vary over time due
to changed cloudiness, vegetation, and snow/ice. Estimated
variations in the albedo has been marginal (of the order of
2 %) over the last decades (Palle´ et al. 2004), however, the
conceptual model could account for such variations if A is
replaced by satellite-borne observations of short-wave radi-
ation reflected by the earth A(t). A 2 % increase in the
reflectance anomaly is roughly equivalent to 6 W/m2 in
terms of short wave radiative forcing, but nevertheless small
compared to the 15–20 % seasonal variability in earth’s
albedo (Palle´ et al. 2004).
Although the conceptual model presented here was sim-
ilar to the ideas discussed by Hulburt in 1931, he did not
emphasise the vertical energy flow, the hydrological cycle,
and changes in the greenhouse gas concentrations. These
aspects were implicit in his conceptual model; however,
he did not extend these to the question of climate change
and the entanglement between the hydrological cycle and
the GHE. An interesting question is whether reviving this
old physics-model in the context of modern data can con-
vince the scientifically literate who still do not acknowledge
an AGW. This conceptual model also explains why some
contrarian views based on IR flux are flawed (Monckton
et al. 2015): They do not account for convection. There
is a cause for optimism if the reason for different views
is ’agnotological’ in terms of forgotten ideas (Proctor and
Schiebinger 2008). This toy model is probably too complex
for the average person who is not in a scientific (or analytic)
field and will probably not be enough to make the society
grasp the challenges connected with an increased green-
house effect, but it may be one incremental step towards an
enhanced general understanding. The conceptual model can
be followed up with an explanation for why other views are
wrong through replication and falsification (Benestad et al.
2015). Moreover, a broader scientific consensus may make a
stronger impression by showing how science works in terms
of finding the most credible explanation.
5 Conclusions
The GHE is a result of a vertical distance between a planet’s
surface, where energy from the sun is deposited, and higher
aloft, where its heat loss back to space takes place. The
vertical distance itself, however, is determined by GHGs.
This picture is derived from well-understood and elemen-
tary physics, and the validation shows that this conceptual
model is consistent with the best data there is. It provides
non-traditional diagnostics of an increased GHE that are
consistent with the most up-to-date reanalyses and OLR.
The reanalyses themselves may involve serious caveats in
terms of time-dependent errors and biases, and the analy-
ses cannot ascertained whether these trends are real. The
long-term trends identified in the reanalyses and the OLR
measurements are nevertheless consistent with the notion of
increasing opacity for IR light, elevation of the OLR emis-
sion level, and convective activity. The simple conceptual
model also provides a link between the GHE and the hydro-
logical cycle and offers explanations for some issues that
have been up for popular public debate, showing why the
issue of ’saturation’ is not relevant and why a ’hiatus’ is not
in violation with an increased greenhouse effect.
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